The complete third-order perturbation formulas of the g factors g and g ⊥ for 3d 2 ions in tetragonal MX 4 clusters have been obtained by a cluster approach. In these formulas, in addition to contributions to the g factors from the crystal-field mechanism in the crystal-field theory, the contributions from the charge-transfer mechanism are included. From these formulas, the g factors g and g ⊥ for a Cr 4+ ion in a Bi 4 Ge 3 O 12 crystal are calculated. The results agree with the observed values. The calculated ∆ g i (i = or ⊥) value due to the charge-transfer is opposite in sign and about 20% greater than that due to the crystal-field mechanism. So, for the 3d n ions having a high valence in crystals, a reasonable explanation of the g factors should take both the crystal-field and charge-transfer mechanisms into account.
Introduction
For transition-metal (3d n ) ions in crystals, the g factor of the ground state should deviate from the freeion value g e (≈ 2.0023). The shift of the g factor is caused by admixtures or influences of excited states via spin-orbit (SO) coupling [1] . In the classical crystalfield (CF) theory [1] , only the admixtures of CF excited states via SO coupling of the central 3d n ion are considered (so it is called the one-SO-parameter model). Since the SO coupling parameter of the ligand increases with its atomic number and hence with the increasing covalency of the 3d n cluster [2] , the contribution to g factor (or g-shift ∆ g = g − g e ) from the SO coupling parameter of the ligand should be taken into account in the case of 3d n clusters having strong covalency. Considering this, a two-SO-parameter model based on the cluster approach was developed recently [3 -6] . In this model, the contributions to the g factor from the SO coupling parameter of ligands are included in addition to that from the central 3d n ion. This model is preferable to the one-SO-parameter model in the explanations of g factors of 3d n ions in covalency crystals. However, in the one-and two-SO-0932-0784 / 04 / 0700-0467 $ 06.00 c 2004 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com parameter models only the contributions to the g factor due to admixtures of CF excited states are considered, while the contributions due to charge transfer (CT) excited states are neglected because their energies are often much higher than those of CF excited states. It is worth noticing that for the isoelectronic 3d n ion series of crystals, the energies of the CT bands lower with increasing valence state, and hence with increasing atomic number of the 3d n ion [7] , so the contributions due to admixtures of CT excited states may be considered in the cases of 3d n ions having a high valence (e.g., 3d
2 Cr 4+ and Mn 5+ ions) in crystals. Thus, a reasonable explanation of the g factor in the above cases should include the contributions due to both the CF and CT mechanisms [8, 9] . In this paper, the complete high-order perturbation formulas (including both the CF and CT mechanisms) of the g factors g and g ⊥ for 3d 2 ions in tetragonal MX 4 clusters are obtained from a cluster approach in which both the anti-bonding orbitals in the CF mechanism and the bonding orbitals in the CT mechanism are included. From these formulas, the g factors g and g ⊥ for Cr 4+ ions in Bi 4 Ge 3 O 12 crystals are calculated (note: because of the success of Cr 4+ in tetra-hedral oxo-coordination as near infrared lasing center, the calculations are of interest). The results are discussed.
Calculation
Considering the contributions from the CF and CT mechanisms, the one-electron basis functions of a tetrahedral 3d n MX 4 Cluster can be expressed as a linear combination of atomic orbitals (LCAO), i. e.
with the normalization correlation
where the superscript X = a or b stands for the antibonding or bonding orbitals. The subscript e or t denotes the irreducible representation of T d group. |d t > and |d e > denote the d orbitals of a 3d n ion. |π t >, |π e > and |σ t > are the p orbitals of the ligands. N X t and N X e are the normalization coefficients, and λ X π and λ X σ are the orbital mixing coefficients, S dp (π) =< d t |π t >= < d e |π e > / √ 3 and S dp (σ ) =< d t |σ t > are the group overlap integrals.
The perturbation formulas can be obtained from Macfarlane's perturbation-loop methods [10, 11] , in which the complete spin Hamiltonian including both CF and CT mechanisms for 3d 2 ions in a tetragonal MX 4 cluster can be expressed aŝ
whereĤ c ,Ĥ a ,Ĥ b ,Ĥ tetra ,Ĥ SO andĤ Ze are the cubic field, the diagonal and off-diagonal terms of electrostatic Coulomb interaction, the tetragonal field, the SO coupling Hamiltonian and the Zeeman interaction terms, respectively. The superscripts CF and CT stand for the corresponding terms related to CF and CT mechanisms. Thus, from the above one-electron basis functions and Macfarlane's perturbation methods [10, 11] , the complete third-order perturbation formulas of g factors for 3d 2 ions in a tetragonal MX 4 cluster can be derived as
where the zero-order energy separations E 1 ≈ ∆ and E 2 ≈ ∆ + 8B + 2C (in which, B and C are the Racah parameters in crystals, ∆ = 10D q is the cubic field parameter). E n and E a are the energy levels of CT excited states. D s and D t are the tetragonal field parameters. The SO coupling parameters and the orbit reduction factors related to the CF and CT mechanisms are
a σ S dp (σ ) + 2λ a π S dp (π)],
a π S dp (π) + λ a σ S dp (σ )],
where ζ 0 d and ζ 0 p are the SO coupling parameter of the 3d 2 ion and the ligand in free state. If the contributions due to the CT mechanism (i.e., the terms related to the superscript or subscript CT) are neglected, the above formulas become those in the two-SO-parameter model [6] .
According to the method in [3, 4] , one can obtain the approximate relationship f e = (N a e ) 4 [1 + 6λ a π S dp (π) + 9(λ a π ) 2 S 2 dp (π)], f t = (N a t ) 4 [1 + 2λ a σ S dp (σ ) + 2λ a π S dp (π) + 2λ a σ λ a π S dp (σ )S dp (π) + (λ a σ ) 2 S 2 dp (σ ) + (λ a π ) 2 S 2 dp (π)]
where 
Thus, f e ≈ f t ≈ 0.607. The group overlap integrals are related to the impurity-ligand distance R in the 3d n cluster. Since the ionic radius r i of the impurity is often unlike the radius r h of the replaced host ion, the impurity-ligand distance R in crystal may be different from the corresponding R h in the pure or host crystal. We can estimate the distance R by using the approximate formula [14] R
For the Bi 4 Ge 3 O 12 : Cr 4+ crystal, R h ≈ 1.739Å [15] , r i (Cr 4+ ) ≈ 0.55Å and r h (Ge 4+ ) ≈ 0.53Å [16] . Then, we have R ≈ 1.75Å. From the value of R and the Slater-type self-consistent field (SCF) functions [17, 18] , we obtain the group overlap integrals S dp (π) ≈ 0.0336 and S dp (σ ) ≈ −0.1068. Substituting the values of f γ , S dp (π) and S dp (σ ) into (2) and (7), we calculate the parameters N a t , N a e , λ a π and λ a σ related to the CF mechanism. They are shown in Table 1 .
From the orthonormal relationship, we have
S dp (π)+λ a σ S dp (σ ) λ a σ +S dp (σ )
.
Applying the above parameters to (10) and then to (2), the parameters λ [4] , thus, from the above parameters and those in Table 1 , the parameters in (6) can be calculated. They are
From the density functional calculations on the (CrO 4 ) 4− tetrahedral cluster [19] , one can get E n ≈ 40400 cm −1 and Ea ≈ 43600 cm −1 for the Cr 4+ -O 2− distance R ≈ 1.75Å. The cubic field parameter ∆ (= 10D q ) is estimated from the 3 A 2 → 3 T 2 transition. This band (which is in the vicinity of 8000 cm −1 ) is broadened by vibronic interactions [13] and we estimate D q ≈ 760 cm −1 .
From the empirical superposition model [20] , the tetragonal field parameters can be written as
whereĀ 2 (R) andĀ 4 (R) are the intrinsic parameters. For a 3d n ion in a tetrahedron we haveĀ 4 (R) = 27D q /16 [6, 20] . The ratioĀ 2 (R)/Ā 4 (R) ≈ 9 ∼ 12 for a 3d n ion in many crystals [5, 6, 21, 22] and we takē A 2 (R)/Ā 4 (R) ≈ 9 here. θ is the angle between the R direction and the C 4 axis. As in the case of the bonding length R, the bonding angle θ in the impurit-ligand cluster may be different from that in the pure or host crystal, and so we take the angle θ as an adjustable parameter. Table 2 .
Discussion
From Table 2 it can be seen that the calculated g and g ⊥ values based on the CF and CT mechanisms are closer to the observed values than those based on only the CF mechanism. The calculated ∆ g i CT (i = or ⊥) due to CT mechanism is opposite in sign and about 20% in magnitude, compared with that due to the CF mechanism. So, for high valence state 3d n ions in crystals, reasonable explanations of the g factors should take the CF and CT mechanisms into account.
